Background: Iron-induced oligomerization of frataxin is still poorly understood. Results: The molecular basis of iron induced oligomerisation of yeast and bacterial frataxin is revealed. Catalyzed ferroxidation is required for correct oligomerization of Yfh1.
INTRODUCTION
Most organisms require iron-containing prosthetic groups such as heme and iron-sulfur clusters. However, the presence of iron in living cells and its potential toxicity under physiological conditions require iron chemistry to be tightly controlled. Iron toxicity mainly arises from the combination of ferrous iron with hydrogen peroxide in the Fenton reaction, which produces the highly reactive hydroxyl radical
• OH. Additional toxic effects are related to the deposition of the insoluble Fe(OH) 3 at physiological pH. Iron storage and detoxification proteins such as ferritin and the mitochondrial protein frataxin normally prevent these effects. They both detoxify Fe 2+ by catalyzing the ferroxidation reaction that proceeds through two one-electron oxidations, with O 2 or H 2 O 2 as electron acceptor (1, 2) . The oxidized iron is subsequently stored as a ferrihydrite bio-mineral within oligomeric species (3, 4) . The toxicity of unligated iron may have implications in several neurodegenerative diseases (5) . One of these is Friedreich ataxia (FRDA), an autosomal recessive neurodegenerative disease of humans that affects 1 in 40,000 newborns (reviewed in (6) ). FRDA has been shown to be associated in most patients with reduced levels of frataxincaused by expanded GAA repeats in the first intron of the gene encoding the protein (7) . In addition, several mutations in the frataxin gene have been found to lead to Friedreich ataxia (7) (8) (9) (10) (11) (12) .
Frataxin has been directly implicated as an iron chaperone in both heme and iron-sulfur cluster biosynthesis and repair processes that take place inside the mitochondrial matrix (13) (14) (15) (16) (17) (18) (19) . However, the details of its iron chaperone function, the mechanism of target recognition and the mode of interactions with its targets are poorly understood. Several studies have demonstrated the propensity of human, yeast, and bacterial frataxin to assemble into oligomeric species (20) (21) (22) (23) . Thus, the frataxin homolog CyaY from Escherichia coli has been suggested to assemble into tetrameric species under anaerobic conditions (22) and larger oligomers under aerobic conditions (23) . For the yeast frataxin homolog (Yfh1), irondependent formation of trimers, hexamers and higher-order oligomers-including 24-and 48-meric particles-has been suggested based on various biochemical studies under aerobic conditions (2, 15, 20, 24) . Interestingly, the oligomeric species of Yfh1 can be easily dissociated into monomers, for example by the addition of reducing agents (15) , suggesting that iron oxidation promotes oligomer formation and may be essential for oligomer stabilization.
Eukaryotic frataxins are initially synthesized in the cytoplasm as precursor polypeptides, which are imported to the mitochondrial matrix and processed to shorter forms. Whereas only one form of Yfh1 (residues 52-174) is normally detected in yeast mitochondria, human frataxin (FXN)-which is expressed in the cytoplasm as a 210-residue polypeptide-has been observed to be present in mitochondria in different forms with variable length of the N-terminal part (21, (25) (26) (27) (28) . Thus, the variants with the longer Ntermini (FXN and FXN ) are often found assembled into larger structures in vivo and during expression in E. coli (21, 27) . The larger oligomers can be disassembled irreversibly into stable monomers by the addition of SDS (29) . The two other known shorter variants of FXN, FXN and FXN , could not be demonstrated to adopt higherorder oligomeric states in vitro (27, 30) . The nature of the oligomers formed by human frataxin is not known, although its assembly has been shown to be essential for the detoxification of redox-active iron (29) . These data suggest that frataxin from different organisms, as well as the different isoforms with different N-terminal lengths, may follow different oligomerization pathways and may even assemble into different types of oligomers. However, it should be noted that the research community is still divided about the ability of frataxin to oligomerize in vivo and the functional importance of the oligomers (reviewed in (31) ). The X-ray crystallographic structure of the trimeric form of the Y73A variant of yeast frataxin suggested that oligomer formation was essential for the formation of the ferroxidation site of the protein and revealed details of the interactions that result in trimer stabilization (32). The low-resolution electron microscopic structures of iron-free and ironloaded 24-meric particles of the same variant of the protein suggested that the trimer could serve as the building block even for other higher order oligomers (33) . Using small-angle X-ray scattering (SAXS), in the first systematic study of metal-induced oligomerization of wild-type Yfh1 it was also shown that, although at relatively high and non-physiological concentrations, Co 2+ was able to induce the formation of oligomeric structures, consisting of dimers, trimers, hexamers, and higher-order oligomers (34) . The work also suggested that the flexible Nterminus of the protein might play an important role in the stabilization of the oligomers observed in this case.
Although frataxin from different organisms appears to behave differently with respect to oligomerization, the high degree of amino acid sequence and three-dimensional structure conservation within the family suggests the existence of common mechanistic features, which control frataxin propensity towards oligomer formation. Understanding this process at the three-dimensional structural level is of central importance for understanding the details of frataxin function and the interplay between the ferroxidation reaction, iron-induced oligomerization and the architecture of the particles formed during oligomer assembly. In this study, using a combination of small-angle X-ray scattering, X-ray crystallography and protein-protein docking, we have characterized the threedimensional structure of yeast frataxin Yfh1 and E. coli CyaY oligomers formed during iron-dependent oligomerization of wild-type and a ferroxidation-deficient D79;D82 variant of the protein (35) .
EXPERIMENTAL PROCEDURES Protein expression and purification:
The mature form of wild-type Yfh1 and the D79A;D82A variant of Yfh1 were expressed and purified as described previously (36) , except that an HR16/50 Superdex 75 column (Pharmacia) was used for the final step of purification. CyaY was purified according to (37) with the difference that the second-step anion exchange using Macro-Prep High Q was not performed.
SAXS data collection and analysis:
For data collection, 3 mg/ml (~0.22 mM) solution of wild-type Yfh1 and of the D79A;D82A variant were incubated with ferrous ammonium sulfate at concentrations between 0.11 mM and 2.2 mM, for 60 min at 30 °C according to previous protocols (15) . The effect of the presence of magnesium ions on iron-induced oligomerization was assessed by repeating the incubation of wild-type Yfh1 at the highest iron concentration, but in presence of 10 mM MgCl 2 . After incubation the samples were dialyzed using Slide-A-Lyzer MINI dialysis units (Thermo Fisher Scientific) against buffer containing 20 mM HEPES-NaOH and 100 mM NaCl. The higher protein concentrations (6 and 9 mg/ml protein) were used for measurements without added iron. Bacterial frataxin homolog CyaY was treated similarly.
SAXS data were collected at beamline I711 (38) at the MAX-lab synchrotron, and at the EMBL X33 beamline at the DESY storage ring DORIS III (39,40) as described previously (34) . The data collected at X33 were reduced and processed initially using an automatic pipeline of scripts developed at EMBL Hamburg (41) . Data were normalized to the intensity of the transmitted beam, and scattering of the buffer was subtracted. The processing was done using the ATSAS software package (42, 43) . Forward scattering I(0) and the radius of gyration Rg were evaluated using the Guinier approximation (44) . These parameters were also computed from the entire scattering patterns using the program GNOM (45), which provides the distance distribution functions P(r) and the maximum particle dimensions Dmax. Molecular weight estimates were made using lysozyme and bovine serum albumin as standards, or from the excluded volume of the hydrated particle (the Porod volume Vp), (43, 46) .
Flexibility assessment and modeling of Yfh1
D79A;D82A variant and CyaY: To assess the flexibility of the D79A;D82A variant of Yfh1, we used Ensemble Optimization Method (EOM) (47) . Two thousand monomers were created with the program RanCh (in the EOM program suite) using one rigid body (residues 52-174, PDB entry 3OEQ). Subsequently, 2,000 dimers were created by first generating low-energy conformations of Yfh1 amino acid residues 52-174 using kinematic loop modeling (48) in the Rosetta software suite 3.2.1 (49) . At the next stage, these were combined uniquely in pairs of two (based on two monomers in the crystallographic trimer of 3OEQ). Theoretical form-factors were calculated using CRYSOL (50) . GAJOE (from the EOM suite) was then used employing a genetic algorithm to select subsets of protein models to minimize the discrepancy between the experimental data and the average theoretical scattering for the subset. Multiple runs of GAJOE were performed using default parameters, except the number of curves per ensemble, which varied between 5 and 20.
We used the program OLIGOMER (42) for fitting of observed scattering curves of CyaY by weighted combinations of theoretical form-factors from the 20 models in PDB entry 1SOY (51) . Low-resolution ab initio models were generated with the programs DAMMIF and GASBOR (52, 53) and averaged using the DAMAVER suite (54) .
Modeling of iron-induced oligomers:
For fitting of SAXS data, which were collected from Yfh1 samples incubated at six different Fe 2+ :Yfh1 ratios (1:2, 1:1, 2:1, 4:1, 7:1, and 10:1), we used an approach similar to that described previously (34) . Briefly, we assembled a pool of models using NMR conformers from PDB entry 2GA5 (55), the asymmetric unit (a monomer) and the crystallographic trimer from PDB entry 3OEQ (34) , as well as locally refined variants of the crystallographic trimer using Rosetta 3.2.1 symmetric docking (56) . Hexamer, dodecamer, and 24-mer models were prepared as follows. Two crystallographic trimers were docked into the single-particle EM reconstruction of the iron-loaded 24-mer (33) and refined using the Rosetta 3.2.1 docking program (applying the "local refine" flag). Guided by the original EM reconstruction, the trimer-trimer interface of the Rosetta-refined hexamer model ( Figure 6 ) was used to generate a dodecamer and 24-mer complexes; these three models were subsequently used in SAXS fitting procedures, which also included the original model obtained in the EM reconstruction of the iron-loaded Yfh1 24-mer. In addition, by combining 18-, 21-, and 24-subunit oligomers, particles containing 42-81 monomers were created in an attempt to reconstruct the large rod-shaped particles observed earlier in EM micrographs (20, 21) . CRYSOL (50) was used to calculate formfactors from Yfh1 models in the pool described above. For fitting of observed scattering curves to the weighted combinations of form-factors, we used OLIGOMER (42) .
Tetrameric CyaY was built based on the analysis of the interactions, which stabilize Yfh1 hexamers. It was noted that the core of the hexamer structure constituted a tetramer with extensive interactions between the monomers. Several conserved amino acids were found to be involved in these interactions. CyaY monomers were then superimposed on these Yfh1 monomers and the resulting tetramer was used to generate a dimer. A pool of form-factors was then generated as described above-including also NMR conformers from PDB entry 1SOY.
X-ray crystallography: Three-dimensional crystals were grown anaerobically under the conditions described by Söderberg et al (34) . Prior to flash-freezing in liquid nitrogen, the crystals were soaked for 2-5 seconds under anaerobic conditions in a cryoprotective solution containing 2 M (NH 4 ) 2 SO 4 , 4% γ-butyrolactone, 20% glycerol, and 0.1 M Tris HCl, pH 8.5. In addition, 4 mM ferrous ammonium sulfate was added to the solution. X-ray data to 3.0 Å resolution were collected at the MAX-Lab synchrotron, beamline I911-3. XDS software (57) was used for indexing, integration, scaling, and merging the data. PHASER (58) software was used for molecular replacement using the previously determined crystallographic structure of the Y73A variant of Yfh1 (PDB entry 2FQL). Refinement was carried out using alternate runs of the program PHENIX (59). Each run was followed by inspection and manual rebuilding of the model using COOT 0.4.1 (60) . For TLS refinement, the whole monomeric unit (residues 52-172) was considered as one TLS group. Splitting of the structure into two groups (52-60 and 61-172) or three groups (52-60, 61-75, and 76-172) did not result in any improvement in map quality or model geometry. The mean value for the B-factors was refined to the 93 Å 2 . For localization of metal positions, anomalous Fourier maps were calculated using the Bijvoet differences (F + -F -) as coefficients. The metal density peaks were clearly visible both in the Fo-Fc and anomalous difference density maps at levels of up to 8 σ and 2.5 σ, respectively. The occupancy of the metal was determined by assigning different values to the occupancy followed by inspection of the difference electron density. At the occupancy value of 1, no residual electron density was present while the occupancy and the B-factor of the metal was refined to a value similar to that of the neighboring protein groups, which indicates the correctness of the chosen occupancy value. The coordinates have been deposited to the PDB (PDB entry 4EC2). A summary of data collection and refinement statistics is presented in Table 2 .
Sequence analysis: For sequence analysis, in addition to sequences from organisms for which biochemical and biophysical data were available, we used sequences from randomly chosen organisms. Of the final 47 sequences (Supplementary Figure S4 ), 25 were of bacterial origin and 22 were of eukaryotic origin. The ClustalW2 multiple alignment tool (61) at EBI (62) was used for initial alignment of the sequences. The alignment was then manually corrected in Jalview 2.3 (63) using the structures of the monomeric yeast frataxin, human frataxin, and the bacterial analog CyaY (55, 64, 65) . For analysis of the variability of the amino acid residues at different positions in the sequence, Shannon's entropy is often used as a measure. Here we use the method of Fornasari et al. (66) , which is based on the socalled reduced Shannon entropy, calculated for each alignment position i using the expression:
In the first part of the equation, which represents a standard Shannon's entropy calculation, σ is a given class of amino acids according to Ptitsyn (1998) (67) ( (1) , and (7)-others (P and C)). This classification is introduced to account for conservative substitutions within the amino acid sequence; m is the number of classes (7 in this case); p(i) is the probability that the i-th position in the sequence is occupied by a residue of class σ.
The second term was introduced as a correction for a systematic bias in the estimation of S i . Here, m* is the number of amino acid classes for which p(i) ≠ 0 and n is the number of sequences in the alignment. Subsequently, the average entropy of the whole polypeptide chain calculated in this way was used to normalize S i -the value of which may depend on the choice of the aligned sequences, their number and their diversity (68) . Thus, S i < 1 imply a stronger conservation relative to the polypeptide as a whole. In addition, we calculated the average residual entropy for residues involved in monomer-monomer interactions at the trimer interface and the residues located at the interface between two trimers (Table 3) . Using the PISA server (69), the accessible surface area for the yeast frataxin trimer (PDB entry 3OEQ) was calculated. In addition, we calculated the buried surface area for each amino acid residue contributing to the interface between two subunits in the crystallographic trimer (3OEQ), as well as between trimers in the hexamer model described above. Area-weighted average values S interf and S surf (Table 3) could then be calculated using the general equation from Dey et al. (2010) , (68) .
For S surf , A i is the area that amino acid residue i contributes to the accessible surface area, and for S interf , A i is the area that amino acid residue i contributes to the buried surface area.
RESULTS

Iron-induced oligomerization of wild-type
Yfh1 and D79A;D82A Yfh1 variant: Earlier studies using SAXS showed that wild type Yfh1 in solution has a highly flexible Nterminus, a radius of gyration R g of 1.80 nm, and an estimated maximum dimension of the molecule (Dmax) of 6.8 nm (34) . Here, we examined the solution structure of the D79A;D82A variant in buffer conditions similar to those used previously for wild type Yfh1. Although deficient in ferroxidation activity, this yeast frataxin variant was still able to contribute to iron accumulation and formation of insoluble iron core (35) . Table S1 summarizes the structural parameters extracted from the SAXS experimental data, while Figure S1a shows representative models of D79A;D82A Yfh1 monomer and dimer from the optimized ensemble, as selected by the program GAJOE for fitting the SAXS data. The overall parameters where essentially similar to those obtained earlier for the wild type protein, although the D79A;D82A variant was prone to dimer formation (20% dimers and 80% monomers), much like wild-type Yfh1 in the presence of glycerol (34) . SAXS scattering data in the presence of iron and the corresponding fitting curves are shown for wild-type Yfh1 and the D79A;D82A variant in Figures 1a and 1b , respectively. Analysis of the Guinier region ( Figure S2a and S2b) confirmed that the samples were not aggregated after the addition of Fe 2+ . The incubation of the proteins with Fe 2+ at six different iron-to-protein ratios (1:2, 1:1, 2:1, 4:1, 7:1, and 10:1) resulted in clearly different scattering profiles for wild-type Yfh1 and the D79A;D82A variant. This may also be illustrated by the dependency of the excluded volume of the hydrated particle (Porod volume, (46)) calculated from the SAXS data, on iron concentration. As shown in Figure 1c , the Porod volume increased much more rapidly for the D79A;D82A variant than for wild-type Yfh1 (Figure 1c , red vs. black curve), indicating that larger oligomers were formed in response to higher iron concentrations. A similar trend could be followed for R g and D max values (Table S1 ).
The program OLIGOMER was used to fit a set of form-factors from different oligomeric models (see Experimental Procedure) to the experimental SAXS data (Figure 1a ). It can be seen from the Figure that despite the low χ 2 value (0.6), for example at the metal to iron ratio of 1:2, at higher scattering angles (s values between 1.5-1.7) the fit to the experimental data is not perfect (Figure 1a ). This may indicate some rearrangements in the secondary structure elements of the monomers during oligomerization. Such rearrangement, which may be of functional interest, could be difficult to account for at the present resolution of the data, also taking into account the inhomogeneous nature of the solution with different oligomeric states. Analysis of the volume distributions of the oligomeric states showed that at an iron-to-protein ratio of 1:2, 25% of wild-type Yfh1 was in a trimeric form, while at a ratio of 2:1 this percentage increased to 100% (Table 1 ). Figure 1d shows the fit of the X-ray structure of the yeast frataxin trimer to an ab initio model generated from the SAXS data. Further increase in the iron-toprotein ratio resulted in the formation of hexamers and higher-order oligomers, while the percentage of trimers decreased ( Figure 2 and Table 1 ). This suggests that in solution trimers serve as building blocks for higherorder oligomers, consistent with the EM reconstruction of 24-meric particles of the Y73A variant of Yfh1 (33) . At an iron-toprotein ratio of 4:1, the percentage of trimers decreased to about 49%, while a large fraction of hexamers, dodecamers, and 24-mers was formed (38%, 7%, and 4%, respectively; Figure 2 , Figure S3 and Table 1 ). Interestingly, at the highest iron-to-protein ratio used for the wild-type protein (10:1), an approximately equimolar equilibrium between trimers, hexamers, and dodecamers was apparently established, with essentially no monomers remaining in solution. Notably, the fraction of higher-order oligomers, such as the 24-meric spherical particles, remained rather low, suggesting that the experimental conditions used did not promote the stability of this particular complex.
To understand the role of the ferroxidation reaction in iron-dependent oligomerization, we analyzed the irondependent oligomerization of the ferroxidation-deficient D79A;D82A variant. The results demonstrated a distinctly different oligomerization pattern compared to wild-type Yfh1 ( Figure 2 and Table 1 ). At an iron-toprotein ratio of 1:2, the fraction of trimers in solution was approximately 20%, a value similar to that of the wild-type protein.
However, at a ratio of 1:1 there were 20% hexamers and essentially no free trimers. Further increase in the iron-to-protein ratio (2:1) required hexamers, dodecamers (20% and 7%, respectively), and even higher-order oligomers such as 24-meric particles to be included in the modeling. In contrast to wildtype Yfh1, which was present in the trimeric form at this ratio (2:1), 66% of the D79A;D82A variant protein still remained in the monomeric form. At the iron-to-protein ratio of 4:1 and 7:1, the highest ratios tested, a large fraction of frataxin oligomers were bigger than 24-mers. It has been shown that such oligomers have amyloid-type appearance and are highly heterogeneous in length (see EM images from (21)). This makes the estimation of oligomer size and monomer composition at higher iron-to-protein ratios highly inaccurate. In addition, uncontrolled iron oxidation in solution in conditions of a deficient Fe 2+ binding site and absence of ferroxidation activity, as well as iron accumulation within the larger particles (35) , will reduce the concentration of freely available iron in solution. This may in turn affect the proportion of smaller oligomers like trimers and hexamers, which may remain in solution. Therefore the presented fitting and oligomer distribution at these concentrations should be considered as a qualitative indication of the behavior to be compared to wild type protein oligomerization, rather than a quantitative description of the actual equilibrium between different oligomeric states at a certain iron concentration. At an iron-to-protein ratio of 10, which was the highest ratio at which wild-type Yfh1 was analyzed, the D79A;D82A variant protein could not be analyzed due to the presence of large aggregates in the sample.
Iron binding to Yfh1 and the role of the metal in oligomerization:
To obtain a complex of Yfh1 with iron, crystals of the Yfh1 Y73A variant were soaked anaerobically for a few seconds with ferrous ammonium sulfate. Longer soaking times resulted in cracking of the crystals, presumably as a result of a conformational change triggered by metal binding. X-ray data were collected to 3.0 Å resolution (Table 2 ) and the previously determined structure of the Yfh1 Y73A variant (PDB entry 2FQL) was used to obtain phase information. Our previous crystallographic work showed that the three-dimensional structure of frataxin trimers pre-loaded with iron contained a metal atom bound in the channel at the threefold axis of the trimer (32). With the current data, quick soaking with ferrous iron showed a peak both in the Fo-Fc and anomalous difference density maps at levels of up to 8 σ and 2.5 σ, respectively. When assigned occupancy of 1, no residual electron density in the Fo-Fc map could be observed and the B-factor of the metal could be refined to a value similar to that of the surrounding protein groups. Figure 3a shows the position of the iron atom in the context of the trimer structure, while Figure 3b shows a close-up with details of the binding site. The metal binds on top of the β-sheet, between β-strands 3 and 4, and is covered by N-terminal residues V52-K72 from a neighboring frataxin monomer. At this position bound iron could presumably contribute to the stabilization of the N-terminus in solution and thus, promote trimer stability.
There is no direct coordination of the metal to any amino acid side chain, since the closest protein polar groups, the carboxyls of residues T118 and A133, are located approximately 4 Å from the metal (Figure 3b) . However, since the metal is most probably hydrated, it may interact with protein groups via solvent molecules, which are not visible at the present resolution of the data. A comparison with cobalt binding to CyaY shows that the position of one of the cobalt atoms (PDB entry 2EFF (70)) is very similar to iron position in the current structure ( Figure  3c ). As shown in Figure 3c , both iron and cobalt, when analyzed in the context of the hexamer used to fit the SAXS data, are bound at the trimer-trimer interface. A monomer from the second trimer contributes an acidic surface, which includes the highly conserved E93 and D101. In fact, as shown in the sequence analysis below, both surfaces involved in hexamer-hexamer contacts contain highly conserved residues.
Solution structure and iron-induced oligomerization of bacterial frataxin CyaY: As mentioned above, earlier studies showed the importance of the N-terminus of frataxin in the formation of oligomeric species (30, 32) . Although bacterial and eukaryotic frataxin show a high degree of conservation of the core structure, both at the level of the amino acid sequence and at the level of the threedimensional structure, the amino acid content and length of the N-terminal part of the sequences are highly variable. To study the consequences of the shorter N-terminal amino acid sequence in bacterial frataxin, we collected SAXS data on E. coli CyaY. As with Yfh1, no concentration effects were observed in this case. R g and Dmax were found to be 1.38 nm ± 0.05 and 4.2 ± 0.1 nm, respectively (Table S2) . Thus, Dmax as well as R g were smaller than the corresponding values for Yfh1. When we used OLIGOMER to estimate the volume fraction of the different CyaY NMR conformers (PDB entry 1SOY, (51)), which could be used to fit the SAXS data, conformer number 6 showed the best fit (Figure 4a) . To verify the model, we also performed ab initio modeling using the program GASBOR (53) . Twenty GASBOR models had NSD (Normalized Spatial Discrepancy) in the narrow range of 0.754-0.779, which is in the range of the values normally accepted for model quality. The GASBOR models also agreed with the globular fold of the selected conformer. Superposition of the best ab initio model on conformer 6 from PDB entry 1SOY is shown in Figure S3b . The good fit of the NMR model to the SAXS data reflects the high homogeneity of the CyaY structure in solution. In contrast, for wild-type Yfh1 two different NMR models contributing volume fractions of 32% and 68%, respectively, had to be used to attain good fit to the experimental SAXS data, mainly due to the higher flexibility of the Nterminal part of the structure (34) .
To test the ability of CyaY to assemble into large oligomers in the presence of iron, we carried out SAXS measurements in the same fashion as for Yfh1. The molecular mass of the particles in solution was estimated, as described above, using the Porod volume (43). As shown in Figure 1c , the increase in iron concentration resulted in an increase in the Porod volume, essentially in the same manner as for wild-type Yfh1. This demonstrates that CyaY may also form oligomeric species in the presence of iron, despite the short N-terminal part.
As noted above, it has been suggested that CyaY tetramers may be formed at anaerobic conditions in the presence of Fe 2+ (22) . However, the way by which the monomers were arranged into tetrameric species was not known. As described in the methods section, we used Yfh1 hexamers to construct the initial CyaY tetramers ( Figure  4c ). The figure also shows the cobalt atoms, observed earlier to bind to CyaY (70) . One of these positions was close to bound cobalt in cobalt-soaked crystals of the Y73A variant of Yfh1 (34) , while the second is similar to the position of bound iron observed in the current work (Figure 3c ). This suggested that the constructed tetramer model was largely correct. Fitting to the SAXS data showed that at the lowest iron-to-protein ratio (1:2), around 9% of CyaY had formed tetramers. When we doubled the relative amount of iron (1:1 ratio) 20% of the protein was in a tetrameric state (Supplementary Table S3 ). At higher iron-toprotein ratios the SAXS data could not be fit using our limited pool of oligomeric particles, suggesting that higher-state assemblies were formed. Using this tetramer arrangement it would be possible to construct a 24-meric particle. However, modeling of these structures at this stage is difficult since no guiding structural data from other methods, for example electron microscopy, exist.
Conservation of oligomer interfaces in the frataxin family:
To obtain an insight into the amino acid determinants of frataxin oligomerization, we compared the sequences from different species (Figure 5a) . For a quantitative description of variability at various positions within the sequences, Shannon's entropy was calculated as described in the Experimental Procedure. After normalizing the entropy at each position of the alignment to the average entropy, the interaction interfaces in the trimer and hexamer (trimer-trimer contacts) structures were analyzed. Table 3 shows that in comparison to the polypeptide sequence as a whole, for eukaryotic frataxin the entropy is clearly lower for interfaces that are involved in the stabilization of trimers and trimer-trimer contacts. On the other hand, for the bacterial frataxin homolog only the positions that correspond to the trimer-trimer interface had significantly lower entropy than the polypeptide sequence as a whole, which supports our interpretation of the experimental SAXS data.
DISCUSSION
The present work is the first detailed analysis of iron-induced oligomerization of yeast and bacterial frataxin. The results reveal the solution structure of Yfh1 and CyaY oligomers formed during assembly and suggest their stabilization mechanisms. We show that in solution at aerobic conditions and at iron-to-protein ratio of up to 2:1 Yfh1 forms trimers, which in turn at higher iron content build up iron-stabilized hexamers and higher order oligomers. In contrast, in the case of CyaY iron-induced formation of tetrameric complexes appear to be the initial step in oligomerization.
The 2:1 iron-to-protein ratio required for Yfh1 trimer stabilization suggests that there should be two metal-binding sites per monomer and that the occupation of these sites is required for the stabilization of the trimeric structure, while the formation of higher-order oligomers requires additional metal ions. The 2 iron/monomer ratio agrees with previous studies, which showed the presence of two iron binding sites/monomer in yeast frataxin by the use of nuclear magnetic resonance (NMR) and X-ray absorption spectroscopy (XAS) (55, 71) . The dissociation constants for these sites were shown to be in the micromolar range (Κ d within the range of 2 to 3 µM), showing a relatively low affinity metal binding sites. Since the primary aim of this work was the study of Fe 2+ binding to frataxin, strictly anaerobic conditions were employed, in contrast to our experiments, which were carried out aerobically, mimicking the physiological conditions. It should be noted that the yeast frataxin-catalyzed ferroxidation reaction is rather slow and requires approximately 30 min for completion (2) , suggesting that iron was in the ferric form in our experiments. The earlier studied crystallographic structure of the Y73A variant of Yfh1, which was aerobically pre-loaded with iron at conditions similar to those used in the current study, showed one metal ion bound in the channel at the 3-fold axis of the trimer. Although the resolution of the structure was only 3.5 Å, the metal appeared to be coordinated to 3 water molecules, which in turn were coordinated to the side chains of three aspartates (the invariant Asp143) within the channel. No other metal ions could be detected in the crystal structure, presumably due to the combination of factors like the low resolution of the X-ray data and low occupancy of the metal binding sites due to the above-mentioned low metal binding affinity.
In the NMR experiments by Cook et al. (71) , metal binding to Yfh1 was found to affect two regions of the protein. The first region included several residues from helix 1 (A77-H95), K128, and W131 from strand 4 as well as some residues closer to the end of helix 2. All these amino acids were found to undergo amide chemical shift perturbations, which as noted by the authors, can be attributed to local changes in the chemical environment of the residues involved. The second set, apart from the ferroxidation site residues D78, D82, D83 and D86 in helix 1 (Figure 6 ), included E103, E112 and T118 from β-strands 2 and 3, respectively. These residues had undergone significant amide resonance line broadening, which suggests that they are located in close proximity to a paramagnetic metal ion. In the crystal structure presented in this work the iron is bound between β-strands 3 and 4, approximately at 6 Å from the side chain of T118 and 9.8 Å from E112. Both these distances are within the range for amide resonance line broadening (10 Å). However, in our data we did not find a convincing electron density, which could be attributed to a bound metal at the ferroxidation site, presumable a result of the short soaking time used. It should be noted that in their interpretation the authors excluded the possibility of oligomerization of frataxin under the conditions of the experiment. However, among the residues listed above to have undergone amide chemical shift perturbations, the authors identified K128, which is located at the 3-fold axis of the trimer and W131, which is located at the trimer interaction surface in the hexamers used here to fit the SAXS data. In addition, E90 and E93, shown on Figure 6 to be within the mineralization site formed by 2 trimers, were also among the residues, which were found to undergo amide chemical shift perturbations. These results suggest that at the anaerobic conditions used, contrary to the assumption of the authors that frataxin was in a monomeric state (71) , oligomerization may still have taken place. At the conditions of the experiment (iron-toprotein ratio of 2) the oligomers formed are presumably hexamers, similarly to the observed hexamer formation in our experiments with the ferroxidation-deficient D79A;D82A variant of Yhf1 (Figure 2 ). It should also be noted that apart from the absence of Mg 2+ -ions, the buffer solutions used in our SAXS experiments were essentially identical to those used by the authors (71) . To assess the effect of magnesium on the oligomerization state of the protein we performed SAXS experiments in the presence of 10 mM MgCl 2 . We found that in these conditions and at an iron-to-protein ratio of 10:1 the average particle volume notably increased from 277 nm 3 to 999 nm monomer stabilizing effect at anaerobic conditions (71) , magnesium ions at aerobic conditions appear to facilitate the interactions between oligomeric particles, once they are formed.
The presented data clearly show that ferroxidation activity, and presumably iron binding to the mineralization site, are two critical factors both for correct oligomerization and for the stabilization of higher-order oligomers of frataxin. As shown on Figure 6 , the oligomerization process described in the present work places the ferroxidation and mineralization sites in close proximity to each other, suggesting a mechanism according to which oxidation of iron immediately results in its displacement from the ferroxidation site to the mineralization site. This explains why metal binding at the ferroxidation site could not be observed in the crystal structure of aerobically iron-loaded trimer (32). The preference of the ferroxidation-deficient D79A;D82A variant of Yfh1 to form higher order oligomers, which require ferric iron for stabilization, suggests that frataxin may bind ferric iron from solution, thus contributing to additional iron detoxification (15) . However, the high percentage of the remaining monomers in solution (Figure 2) shows that this process is less efficient and probably proceeds at a slower rate as compared to iron detoxification by wild type protein. The importance of the ferroxidation reaction, and ferric iron in oligomer stabilization was also confirmed by earlier data, which showed that oligomeric species of yeast frataxin could be dissolved into monomers by the addition of reducing agents (15) .
The slow rate of the ferroxidation reaction, observed earlier (2), suggests that even in the presence of oxygen frataxin may serve as an iron chaperone, delivering iron to processes like heme and iron-cluster biosynthesis. It has even been suggested that the conditions inside mitochondria are reminiscent of the anaerobic conditions of the NMR experiments used to study iron binding to frataxin (71) . Based on this it was concluded that frataxin primarily exists as a monomeric protein in mitochondria. However, the mitochondrial matrix is not a strictly anaerobic environment, with oxygen concentrations ranging between 3-30 mM in tissues, while cells directly exposed to atmospheric oxygen, such as pulmonary alveoli cells or yeast cells grown aerobically contain even higher amounts of oxygen (reviewed in (72) ). In addition to the results presented in this work, earlier biochemical studies have demonstrated that in vitro under aerobic conditions in the presence of Fe 2+ , Yfh1 monomers may assemble into trimers and higher order oligomers that bind iron and progressively convert it to a ferric mineral (2, 4, 15, 73) . It has also been suggested that this process could take place in yeast, where increments in mitochondrial iron content were found to be associated with Yfh1 oligomerization (24) . On the other hand, in a different study, oligomerization of Yfh1 in yeast was not associated with iron accumulation, which led to the conclusion that iron was not stored in Yfh1 oligomers (74) . However, in this study cells were cultured in the absence of iron, which was added at a later stage of their growth. Although these conditions could affect iron uptake by frataxin, the iron-storage function of Yfh1 in vivo, which is presumably dependent on the amount of available iron, still needs to be conclusively demonstrated (reviewed in (31)).
The functional role of frataxin oligomers was also studied in the work by Li et al. (18) , which showed that iron-sulfur cluster synthesis on the iron-sulfur cluster scaffold protein Isu1 is faster for wild-type Yfh1, incubated at a metal-to-Yfh1 ratio of 2:1, than for the Yfh1 Y73A variant, which assembles into high-order oligomers independently of the presence of iron (18, 32) . Presumably, "iron-free oligomers" by competing with the "proper", iron-containing, oligomers may build unproductive complexes with the proteins of the iron-sulfur cluster synthesis machinery. The authors also showed that under anaerobic conditions, where oligomerization of Yfh1 is reduced, the rate of iron-sulfur cluster synthesis was only slightly higher in the presence of Yfh1. In contrast, the synthesis rate under aerobic conditions was significantly higher, again demonstrating that the ferroxidation reaction and the formation of proper oligomeric species are essential for frataxin interactions with its target proteins.
The results of this work also suggest that the formation of CyaY oligomers is initiated by tetramer formation. This also confirms earlier data, which based on analytical centrifugation, suggested that CyaY in the presence of iron could form tetrameric complexes (22) . This clearly shows the role of the shorter N-terminal sequence in CyaY, compared to Yfh1 and the FXN and FXN forms of human frataxin. This also agrees with the analysis of the conservation pattern of the amino acid sequences of frataxin from different organisms, which suggests that in contrast to yeast frataxin, the basic oligomer-building structure in bacterial frataxin oligomers does not need to be a trimer. It also suggests that different forms of human frataxin, depending on the length of the N-terminal sequence, may form different oligomeric species. By other words, the length of the N-terminal part could be used in the regulation of frataxin function.
Further studies should shed more light on the possible role of the different oligomeric forms of frataxin in vivo, the role of the conserved surface areas in interaction with other proteins in the mitochondria and the role of the N-terminus of the protein in oligomer stability. Experimental SAXS profiles of (a) wild-type and (b) D79A;D82A Yfh1, after incubation at different iron-to-protein ratios. The curves were displaced appropriately along the logarithmic axis for better visualization and overlaid on the corresponding fits. The experimental data are shown as circles and the corresponding fit to a pool of oligomers is shown as red lines (see Figure 2 and Table 1 for details of the oligomeric content). The data are presented as the logarithm of the scattering intensity versus the momentum transfer s = 4πsin(θ)/λ (where 2θ is the scattering angle and λ is the X-ray wavelength) and are shown to a maximal momentum transfer of s = 2.5 nm -1 . (c) The growth of the Porod volume (calculated from the SAXS data in panels (a) and (b)) plotted against increasing Fe 2+ -to-protein ratios for wild-type Yfh1 (black), D79A;D82A Yfh1 (red), and CyaY (blue). The volume axis was set to better visualize differences between Yfh1 and CyaY. The insert shows the complete range for D79A;D82A Yfh1 variant for comparison with wild-type Yfh1. (d) Ribbon representation of the X-ray structure of the yeast frataxin trimer superimposed on an ab initio model generated from the SAXS data. The insets show the distance distribution function p(r) used for ab initio modeling. Table 1 for exact numbers and for χ 2 discrepancy of the fitting). 2+ -to-protein ratios. The curves were displaced appropriately along the logarithmic axis for better visualization. The experimental data are shown as circles, and the fit to a pool of oligomers is shown as red lines (see Table 3S for details of the oligomeric content). The data are presented as the logarithm of the scattering intensity versus the momentum transfer s = 4πsin(θ)/λ (where 2θ is the scattering angle and λ is the X-ray wavelength) and shown to a maximal momentum transfer of s = 2.5 nm -1 . (b) The distance distribution function p(r) used for ab initio modeling. (c) A ribbon representation of the CyaY tetramer used to fit experimental SAXS-profiles of CyaY after incubation with Fe 2+ . The Co 2+ ion (magenta) bound to the crystallographic structure of E. coli CyaY (PDB entry 2EFF, (70) ) is also shown. The surface is colored according to electrostatic potential calculated using the APBS tools (75) plugin in PyMol, with standard settings. Increasing red color represent increasing negative charge, white is neutral charge, and increasing blue color represents positive charge. The asterisk denotes amino acids from the adjacent subunit on the other trimer. Amino acid side chains are shown as sticks. a -a Based on yeast frataxin surface. S i < 1 means that position i is better conserved than the chain average, while S i > 1 means that it is more divergent. Hexamers 1 and 2 were obtained from the EM reconstruction of the 24-mer of the iron-free and iron-loaded Y73A variant of Yfh1, respectively (19, 20) , after Rosetta refinement (see Experimental Procedure).
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